Vol.  92,  No.  3,  September  1992 


Method  for  transducer  transient  suppression.  I:  Theory 

JeanC.  Piquette 

iVaval  Research  Laboratory.  Underwater  Sound  Reference  Detachment.  P.  O.  Box  56833  7.  Orlando.  Florida 

32856-8337 

pp.  1203-12)3 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


PubiK  reporting  burden  for  this  collection  of  information  is  estimated  to  average  *  hour  per  response,  including  the  time  for  reviewing  instructions,  iesrchmq  easting  data  sources, 
gathering  artd  maintaining  the  data  needed,  and  completing  ar>d  reviewing  the  coMeaion  of  information  Ser>d  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information.  includir>g  suggestiom  for  r^ucing  this  burden,  to  Washington  Headquarters  Services.  Directorate  for  information  Operations  and  Reports.  121S  Jefferson 
Oavis  Highway.  Suite  1204,  Arlington.  VA  22202-4302.  and  to  the  Office  of  Management  and  Budget.  Paperwork  Reduction  Project  (0704-01  SB),  Washington.  DC  20S03 


1.  A6EMCY  USE  ONLY  (Leave  blank)  I  2.  REPORT  DATE 


Seotember  1992 


4.  TITLE  AND  SUBTITLE 


3.  REPORT  TYPE  AND  OATES  COVERED 

Journal  Article 


5.  FUNDING  NUMBERS 


Method  for  transducer  transient  suppression.  I:  Theory 


6.  AUTHOR(S) 

Jean  C.  Piquette 


PE  -  61153N 
TA  -  RROll-08-42 
WU  -  DN220-161 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  AOORESS(ES) 

NAVAL  RESEARCH  LABORATORY 
Underwater  Sound  Reference  Detachment 
P.O.  Box  568337 
Orlando,  FL  32856-8337 


9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  AODRESS(ES) 

■  Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  Vk  22217-5000 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  unlimited. 


13.  ABSTRACT  (Maximum  200  words) 

The  problem  of  driving  a  transducer  in  such  a  way  as  to  produce  a  tone  burst  of 
steady-sate  sound  radiation  in  the  surrounding  fluid  medium  is  considered.  The  goal 
is  to  determine  the  driving  voltage  waveform  to  apply  to  a  transducer  to  produce  an 
acoustic  pressure  waveform  in  the  fluid  that  is  a  segment  of  a  steady-state  sine 
wave,  beginning  and  ending  at  zero  crossings  of  the  sine,  i.e.,  the  usual  turnon 
and  turnoff  transients  are  suppressed.  The  theoretical  driving  voltage  waveform 
for  a  spherical  transducer  is  shown  to  consist  of  a  sum  of  a  pedestal  voltage, 
a  ramp  voltage,  and  a  sinusoidal  voltage  that  is  phase  shifted  with  respect  to  the 
sinusoid  appearing  in  the  fluid.  Both  theoretical  and  numerical  calculations  are 
given  here.  The  following  paper  presents  results  of  experimental  measurements. 

The  measurements  were  carried  out  on  several  spherical  transducers  (one  of  which 
was  selected  for  presentation)  and  on  an  array  of  piezoelectric  tubes.  These 
experiments  confirm  the  validity  of  the  theory. 


14.  SUBJECT  TERMS 

Transient  suppression 
Calibration 


Transient  radiation 
Acoustical  measurements 


IS.  NUMBER  OF  PAGES 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  118.  SECURITY  CLASSIFICATION  119.  SECURITY  CLASSIFICATION  I  20.  LIMITATION  OF  ABSTRACT 

OF  REPORT  I  OF  THIS  PAGE  I  OF  ABSTRACT  I 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


NSN  7540  01  280  5500 


5tandard  Fofm  298  (Rev  2-89) 

Pr<»s(r>b«Ml  bv  5ld  /)9 

298  »04> 


GENERAL  INSTRUCTIONS  FOR  COMPLETING  SF  298 


The  Report  Documentation  Page  (RDP)  is  used  in  announcing  and  cataloging  reports.  It  is  important 
that  this  information  be  consistent  with  the  rest  of  the  report,  particularly  the  cover  and  title  page. 
Instructions  for  filling  in  each  block  of  the  form  follow.  It  is  important  to  stay  within  the  lines  to  meet 
optical  scanning  requirements. 


Block  1.  Agency  Use  Only  fLeaveb/ank 


Block  2.  Report  Date.  Full  publication  date 
including  day,  month,  and  year,  if  available  (e.g.  1 
Jan  88).  Must  cite  at  least  the  year. 

Block  3.  Type  of  Report  and  Dates  Covered. 
State  whether  report  is  interim,  final,  etc.  If 
applicable,  enter  inclusive  report  dates  (e  g.  10 
Jun  87  -  30  Jun  88). 

Block  4.  Title  and  Subtitle.  A  title  is  taken  from 


the  part  of  the  report  that  provides  the  most 
meaningful  and  complete  information.  When  a 
report  is  prepared  in  more  than  one  volume, 
repeat  the  primary  title,  add  volume  number,  and 
include  subtitle  for  the  specific  volume.  On 
classified  documents  enter  the  title  classification 
in  parentheses. 

Blocks.  Funding  Numbers.  To  include  contract 


and  grant  numbers;  may  include  program 
element  number(s),  project  number(s),  task 
number(s),  and  work  unit  number(s).  Use  the 
following  labels; 


Contract 

PR  - 

Project 

Grant 

TA  - 

Task 

Program 

WU  - 

Work  Unit 

Element 

Accession  No. 

Block  6.  Author(s).  Name(s)  of  person(s) 
responsible  for  writing  the  report,  performing 
the  research,  or  credited  with  the  content  of  the 
report.  If  editor  or  compiler,  this  should  follow 
the  name(s). 

Block?.  Performing  Organization  Name{s)  and 


Address(es).  Self-explanatory 

Block  8.  Performing  Organization  Report 


Number.  Enter  the  unigue  alphanumeric  report 
number(s)  assigned  by  the  organization 
performing  the  report. 

Blocks.  Soonsoring/Monitoring Agency  Name(s) 


and  Address! es)  Self-explanatory. 

Block  10.  Soonsoring/Monitoring  Agency 


Report  Number  (If  known) 


Block  11.  Supplementary  Notes  Enter 


information  not  included  elsewhere  such  as: 
Prepared  in  cooperation  with  .  ;  Trans,  of  ;  To  be 
published  in  When  a  report  is  revised,  include 
a  statement  whether  the  new  report  supersedes 
or  supplements  the  older  report 


Block  12a.  Distribution/Availabilitv  Statement. 
Denotes  public  availability  or  limitations.  Cite  any 
availability  to  the  public.  Enter  additional 
limitations  or  special  markings  in  all  capitals  (e  g. 
NOFORN,  REL,  ITAR). 


See  DoDD  5230.24,  "Distribution 
Statements  on  Technical 
Documents." 

See  authorities. 

See  Handbook  NHB  2200.2. 
Leave  blank. 


DOE 

NASA 

NTIS 


Block  12b.  Distribution  Code. 


NASA 

NTIS 


Leave  blank. 

Enter  DOE  distribution  categories 
from  the  Standard  Distribution  for 
Unclassified  Scientific  and  Technical 
Reports. 

Leave  blank. 

Leave  blank. 


Block  13.  Abstract.  Include  a  brief  (Maximum 
200  words)  factual  summary  of  the  most 
significant  information  contained  in  the  report. 

Block  14.  Subject  Terms.  Keywords  or  phrases 
identifying  major  subjects  in  the  report. 

Block  15.  Number  of  Pages.  Enter  the  total 
number  of  pages. 

Block  16.  Price  Code.  Enter  appropriate  price 
code  (NTIS  only) 

Blocks  17.  - 19.  Security  Classifications.  Self- 
explanatory.  Enter  U  S.  Security  Classification  in 
accordance  with  U  S.  Security  Regulations  (i.e., 
UNCLASSIFIED).  If  form  contains  classified 
information,  stamp  classification  on  the  top  and 
bottom  of  the  page. 

Block  20.  Limitation  of  Abstract.  This  block  must 


be  completed  to  assign  a  limitation  to  the 
abstract.  Enter  either  UL  (unlimited)  or  SAR  (same 
as  report).  An  entry  in  this  block  is  necessary  if 
the  abstract  is  to  be  limited.  If  blank,  the  abstract 
is  assumed  to  be  unlimited. 


Standard  Form  298  Back  (Rev  2-89) 


Method  for  transducer  transient  suppression.  I:  Theory 


JeanC.  Piquette 

Naval  Research  Laboratory.  Underwater  Sound  Reference  Detachment.  P.O.  Box  568337,  Orlando,  Florida 
32856-8337 


( Received  2 1  October  1991;  accepted  for  publication  26  May  1992) 

The  problem  of  driving  a  transducer  in  such  a  way  as  to  produce  a  tone  burst  of  steady-state 
sound  radiation  in  the  surrounding  fluid  medium  is  considered.  The  goal  is  to  determine  the 
driving  voltage  waveform  to  apply  to  a  transducer  to  produce  an  acoustic  pressure  waveform 
in  the  fluid  that  is  a  segment  of  a  steady-state  sine  wave,  beginning  and  ending  at  zero  crossings 
of  the  sine,  i.e.,  the  usual  turnon  and  turnoff  transients  are  suppressed.  The  theoretical  driving 
voltage  waveform  for  a  spherical  transducer  is  shown  to  consist  of  a  sum  of  a  pedestal  voltage, 
a  ramp  voltage,  and  a  sinusoidal  voltage  that  is  phase  shifted  with  respect  to  the  sinusoid 
appearing  in  the  fluid.  Both  theoretical  and  numerical  calculations  are  given  here.  The 
following  paper  presents  results  of  experimental  measurements.  The  measurements  were 
carried  out  on  several  spherical  transducers  (one  of  which  was  selected  for  presentation)  and 
on  an  array  of  piezoelectric  tubes.  These  experiments  confirm  the  validity  of  the  theory. 
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INTRODUCTION 

The  problem  of  driving  a  transducer  in  such  a  way  as  to 
produce  no  transients  in  the  sound  radiated  into  the  sur¬ 
rounding  fluid  medium  is  considered.  The  solution  of  this 
problem  is  of  interest  for  two  reasons.  First,  in  order  to  cali¬ 
brate  a  transducer  under  environmental  conditions  of  tem¬ 
perature  and  pressure,  such  calibration  must  often  be  effect¬ 
ed  in  a  test  facility  of  rather  limited  size.  If  the  transient 
portion  of  the  pressure  waveform  produced  immediately 
after  the  driving  voltage  is  applied  to  the  transducer  is  of 
sufficiently  great  duration,  as  is  often  the  case,  reverbera¬ 
tions  from  the  boundaries  of  the  test  facility  can  interfere 
with  tie  direct  radiation  from  the  transducer  and  can  pre¬ 
clude  accurate  calibration. 

The  second  area  of  interest  is  in  scattering  or  reflection 
measurements  that  might  also  be  carried  out  in  a  test  facility 
of  limited  size.  1"  this  case,  in  order  to  separate  the  interro¬ 
gating  radiation  from  the  scattered  or  reflected  radi.ation,  it 
is  necessary  to  place  the  sound  detectorat  a  sufficiently  great 
distance  from  the  scatterer  that  the  turnoff  transient  has  di¬ 
minished  the  interrogating  radiation  to  a  level  that  is  well 
below  that  of  the  scattered  radiation  at  the  time  of  its  recep¬ 
tion.  If  the  rate  of  decay  of  the  interrogating  radiation  after 
drive  turnoff  is  sufficiently  slow,  the  required  detector-to- 
sample  separation  may  have  to  become  great  enough  that  the 
facility  boundaries  again  interfere  with  the  desired  measure¬ 
ment. 

The  method  used  here  to  solve  the  transient  problem, 
which  we  will  refer  to  as  the  "transducer  transient  suppres¬ 
sion"  method,  involves  analytically  evaluating  an  equivalent 
circuit  for  the  transducer  of  interest.  Thus,  the  transient- 
suppressing  driving  voltage  waveform  deduced  here  will  ac¬ 
tually  be  that  which  is  appropriate  for  driving  the  circuit  in  a 
transient-suppressed  mode.  The  success  of  the  method  in 
suppressing  transient  radiation  from  the  transducer  will 
hinge  upon  the  fidelity  of  the  equivalent  circuit  to  the  trans¬ 
ducer  of  interest. 


The  problem  of  interest  could  alternately  be  approached 
from  the  point  of  view  of  transfer  function  theory.'  ^  (Other 
methods  of  pulse  shaping  are  based  on  feedback'  or  the  use 
of  a  Wiener  filter." )  That  is.  if  the  transfer  function  of  a 
transducer  can  be  accurately  determined,  appropriate  Four¬ 
ier  Transforms  can  (in  principle)  be  evaluated  to  determine 
how  to  drive  the  transducer  in  any  desired  way.  However, 
since  this  method  involves  the  use  of  deconvolution,  it  is 
highly  sensitive  to  noise.  The  equivalent  circuit  approach  is 
not  expected  to  be  particularly  noise  sensitive.  The  equiva¬ 
lent  circuit  approach  also  has  the  advantage  that  the  param¬ 
eter  values  can  be  restricted  by  o  priori  knowledge  of  me 
behavior  of  electric  circuit  elements.  For  example,  the  cir¬ 
cuit  resistances  obviously  must  be  positive,  and  the  capaci¬ 
tances  and  inductances  must  be  real  valued.  In  the  transfer 
function  approach,  a  completely  unphysical  model  might  be 
numerically  generated  due  to  the  influence  of  noise,  or  due  to 
other  effects  that  might  be  unknown  to  the  experimenter.  It 
is  demonstrated  that  the  equivalent  circuit  approach  also 
helps  in  selecting  a  power  amplifier  that  is  best  suited  to 
achieving  transient  suppression. 

In  Sec.  I.  the  transient  suppression  method  is  developed 
using  the  simple  LCR  circuit.  While  much  of  what  is  pre¬ 
sented  here  is  well  known,  this  ca.se  is  helpful  to  consider 
since  it  gives  insight  into  the  calculational  method.  The  anal¬ 
ysis  of  this  case  is  also  useful  for  gaining  an  understanding  of 
why  the  method  works  in  the  more  complicated  cases  of 
practical  interest.  The  method  also  happens  to  produce  an 
exact  .solution  for  the  LCR  circuit.  The  application  of  the 
method  to  a  spherically  shaped  transducer  is  considered  in 
Sec.  II.  Included  is  a  discussion  of  the  approximate  nature  of 
the  solution,  as  well  as  a  discussion  of  what  is  required  to 
obtain  the  exact  solution  of  the  relevant  differential  equa¬ 
tion.  This  exact  circuit  solution  is  useful  in  evaluating  the 
accuracy  of  the  approximate  transient-suppressing  drive 
that  is  presented.  In  Sec,  III  numerical  experiments  that 
were  carried  out  to  investigate  the  effectiveness  of  the  ap- 
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priwimate  theoretical  solutions  are  described.  Section  IV 
presents  the  transient-suppressing  dri\e  in  a  convenient 
niathernatical  form,  and  also  gives  a  discussion  of  the  dri\  e's 
\arious  features.  Section  V  gives  a  summary,  the  conclu¬ 
sions.  and  a  description  of  future  work. 

I.  LCR  CIRCUIT 
A.  Background 

To  illustrate  the  transient-suppression  concept,  we  will 
consider  first  the  simple  LCR  circuit,  dri\en  by  an  arbitrary- 
\va\eform  (.-\RB)  \oltage  source  which  produces  the  arbi¬ 
trary  waveform  ('(/)  (see  Fig.  1 ).  We  consider  this  circuit 
not  because  it  represents  a  realistic  equivalent  network  for 
any  transducer  of  interest,  but  rather  because  it  is  the  sim- 
prlest  case  that  contains  all  the  salient  features  of  a  damped 
oscillating  svstcm. 

Any  excitation  of  an  oscillating  system  tends  to  cause 
the  system  to- oscillate  at  its  resonance  frequency  (or  fre¬ 
quencies).  For  example,  in  the  case  of  the  LCR  circuit  of 
Fig  1.  if  the  ARB  were  replaced  by  a  "dead  short"  (i.e..  a 
section  of  conductiilg  wire),  and  if  the  capacitor  had  some 
initial  nonzero  charge  then,  when  switch  S  is  closed,  the  vol¬ 
tage  waveform  observed  across  the  resistor  would  be  a 
damped  sinusoid.  This  damped  sinusoid  is  characterized  by 
the  circuit's  resonance  frequency 


.iiid  an  exponential  damping  factor  e  "  where  t  is  the 
time  since  the  switch  was  closed. 

Next,  suppose  the  capacitor  C  is  initially  uncharged  and 
that  the  .ARB  is  driven  to  suddenly  apply  a  gated  sinusoidal 
voltage  to  the  circuit  at  the  moment  swit(  h  S  is  closed.  (The 
frequency  /,  of  this  driving  waveform  need  not  be  equal  to 
the  resoiumce  frequency  of  the  circuit. )  In  this  case,  the  vol¬ 
tage  waveform  observed  across  R  would  appear  to  be  the 
sum  of  two  vv.iveforms.  One  of  these  waveforms  would  sim¬ 
ply  lie  ,i  sic.idy  -st.itc  sinusoid  characterized  by  the  frequency 
/  of  the  driving  waveform.  The  other  waveform  would  be 
the  same  type  of  d.impcd  sinusoid  as  described  above.  .After 
the  tcrmin.itioii  of  the  driving  voltage  sinusoid,  the  voltage 
vv.ivcform  obscrvcil  .icross  R  would  only  be  the  dampeil  sin- 
USOU.I  associated  with  the  circuit's  resonance  frequency. 


LCR 


lilt  I  \n  I  r  K  ,  a.ni!  IliL^^tnl'Mi  \  R  tl  .tfiinU's  .in  .irh(ir.ir\  \v.tvrt,>rni 
cou  t  .il' '!  I  Il.tl  pr  i  'UiK  t'v  t  In,'  v .  'iKici'  «  .i  \  -.'I' m  rn  I  i  i 


The  transient  observed  near  the  start  of  the  voltage 
waveform  appearing  across  the  resistor  is  termed  a  "turnon 
transient."  The  transient  observed  across  the  resistor  after 
the  cessation  of  the  drive  is  a  "turnoff  transient"  or  “ring- 
down  transient.”  We  seek  here  a  modified  driving  voltage 
waveform  so  that  both  of  these  transients  are  suppressed.  Of 
course,  there  is  no  a  priori  reason  to  expect  that  a  drive  can  be 
found  that  satisfies  the  desired  lOO'Tr  transient  suppression 
requirement.  However,  in  the  case  of  the  LCR  circuit  such  a 
drive  can  be  found.  In  the  case  of  a  more  realistic  transducer 
equivalent  network,  as  considered  in  Sec.  II.  transient  sup¬ 
pression  is  only  approximately  achieveable. 

B.  The  solution 

The  differential  equation  of  the  LCR  circuit  of  Fig.  I  is 

L  —  (  I ) 

at  C 

where  /  =  time  since  switch  5  was  closed,  i  =  current  in  the 
circuit,  q  -  charge  on  the  capacitor.  L  =  inductance  of  the 
inductor.  R  =  resistance  of  the  resistor.  C  ;=  capacitance  of 
the  capacitor,  and  l'{t)  =  voltage  produced  by  .ARB.  the 
arbitrary  waveform  generator.  The  v  oltage  waveform  we  de¬ 
sire  to  produce  across  resistor  R  is 

'0.  I  0. 

l\{t)  --  •  L,  sin((.),,M.  r  l  ().  (2) 

0.  /  >  7. 

Here,  (z,,  =  2."/,'  is  the  angular  frequency  I  /  is  the  ordinary 

frequency  )  of  the  sinusoid,  and  r  is  the  "pulse  length."  l  e.. 
the  total  time  duration  of  the  pulse,  and  is  assumed  to  corre¬ 
spond  to  an  integral  number  of  h;ilf-cycles  of  period  I.-/’ . 
Mathematically  ,  we  assume  r  -  n/lf,,.  where  n  is  a  positive 
whole  number.  The  quantity  L.  is  an  arbitrarily-selectable 
voltage  amplitude.  We  choose  to  solve  Fq.  (  I  )  subject  to  the 
realistic  initial  conditions  that  q  -  0  and  i  -  0  at  time  t  ~  (). 

If  the  voltage  L^.  (/)  of  Eq  (2)  is  actually  produced 
acriiss  R.  the  current  in  the  circuit  must  he 

an  (■«(/)//?.  (.^ ) 

and  the  charge  on  the  capacitor  at  any  time  I  ust  be 
q{l)  ^  I  Hf)di 

0.  !  <■  0. 

( > , )  [  I  -  cos(i>,,t)  ],  r  r  0.  (4) 

Q.  ;  7, 

where  Q  is  the  (constant)  charge  on  the  capacitor  at  the 
moment  of  termination  (''‘ihe  driv  ing  v  oltage.  The  value  of  ^ 
depends  upon  whethc'  an  even  or  an  odd  number  of  half- 
cycles  of  a  gated  simisoid  is  desired  to  appear  across  R.  We 
determine  C?by  imposing  the  condition  of  continuity  ofclcc- 
Iric  charge  on  the  capacitor  from  time  t  r  to  time 
f  7  The  value  of  y  at  /  7  isdetermined  by  using  the 

expression  for(/(/)  m  the  time  interval  7  t  O.  given  by  the 
middle  expression  of  liq  (4)  This  means  that  if  an  even 
number  of  half-cycles  is  desired  then  Q  0  |  since 
'  costi),  7)  0  for  an  even  number  of  hall-cycles  I .  If  an 

odd  number  of  half-cycles  is  desired  then  Q  2 1  Ra  . 
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[since  1  —  cos(W|,r)  ~  2  for  an  odd  number  of  half-cycles  [. 
Thus, 

0,  (for  an  even  number  of 

driving  half-cvcles) 

O  =  <  &  - 

(tor  an  odd  number  of 

dri\ing  half-cycles). 

We  can  now  determine  the  required  transient-suppress¬ 
ing  driving  voltage  f  '(t)  by  simply  substituting  Eqs.  (2)-(5) 
into  Eq.  ( 1 ).  The  result  is 

ro.  /  <  0 


»'(/) 


E,,  s\n(t:}„i)  + 


f'n 

(;>,,/?  C 


(f') 

r  t  0 


{Q/C.  />- 


That  Eq.  ( 6)  does  indeed  represent  the  exact  solution  of 
the  transient  suppression  problem  for  the  LCR  circuit  can  be 
justified  on  the  basis  of  the  uniqueness  of  the  solution  of  Eq. 

(  1 ).  The  argument  is  as  follows:  Since  the  solution  of  Eq.  ( 1 ) 
is  unique,  there  necessarily  can  be  only  one  solution  that 
satisfies  both  this  differential  equation  and  the  given  initial 
conditions.  If  we  turn  the  problem  around,  we  can  assume 
that  Eq.  (b)  is  a  given  drive  that  is  to  be  substituted  for  the 
inhomogeneous  term  E(t)  in  Eq.  (1).  The  problem  then 
becomes  that  of  solving  Eq.  ( 1 )  for  q{t)  subject  to  the  as¬ 
sumed  conditions  that  q  =  0  and  ciq/dt  =.  0  at  t  =  0.  Since 
Eq.  (6)  was  constructed  by  directly  satisfying  both  the  ini¬ 
tial  conditions  and  the  differential  equation,  Eq.  (4)  must 
obviously  be  the  unique  solution  of  Eq.  ( 1 )  for  (/(;)  given  the 
inhomogeneous  driving  term  represented  by  Eq.  (6).  It  fol¬ 
lows  that  I ,( ( t )  of  Eq.  ( 2 )  is  the  voltage  that  appears  across 
resistor  R  in  response  to  the  drive  of  Eq.  (b)  and  the  given 
initial  conditions. 

For  convenience,  we  re-wnte  the  transient-suppressing 
drive  /  '(/■)  of  F^q.  (b)  in  the  form 

!'(/)  .Ismte;,,/  ♦  Ij,  ,  r  t  Q.  (7) 

where 


il,,/R)^R  t  {L(r>i,  1 /(■.»,, C)  , 

,  I  /  N 

o  sill  - I  , 

\  R  e  ( Lc>„  \/c).,C)  ) 

and 

r, 

Note  that  Eq.  (7)  applies  only  to  the  time  interval  r  t  <). 
the  other  time  intervals  being  covered  by  the  first  and  last 
expressions  of  Eq.  (b).  Also  note  that  in  the  form  of  llq.  (7), 
E(  n  is  easily  seen  to  consist  of  a  sum  of  a  "pedestal  voltage" 
I'l  plus  a  .inusoidal  voltage  (if  amplitude  ,  I  that  is  phase- 
shifted  by  an  amount  <l>  with  respect  to  the  sinusoid  appear¬ 
ing  across  R  [note  Eq  (2)]  The  expression  for  if)  given 
above  shows  th.il  at  the  circuit's  undamped  resonance  fre¬ 
quency  (where/.d,,  l/r),,C  )./f>  0.  For  driv  ing  frequen¬ 
cies  above  the  undampetl  resonance  (  where  /.i  ■  I  /<■>,, C  ). 


6  is  positive  and  below  the  undamped  resonance  (where 

<  l/(a,,C  ),  6  is  negative. 

C.  Discussion 

We  now  consider,  with  hindsight,  why  the  simple  driv¬ 
ing  waveform  of  Eq  ( 7 )  might  ( possibly )  have  been  antici¬ 
pated.  In  what  follows,  it  is  assumed  the  drive  frequency  is 
sufficiently  close  to  the  undamped  resonance  frequency  that 
the  phase  angle  6  is  negligibly  small.  The  discussion  is  also 
restricted  to  the  suppression  of  only  the  turnon  transient, 
although  an  interpretation  of  the  turnoff  transient  would  be 
similar  in  nature. 

If  either  a  pedestal  or  gated  sinusoidal  drive  voltage 
were  separately  applied  to  the  LCR  circuit,  an  exponentially 
damped  sinusoidal  transient  voltage  would  appear  across  R. 
It  is  easy  to  show  that  in  both  the  pedestal  drive  and  gated 
sinusoid  drive  cases  the  exponential  taper  is  of  the  math¬ 
ematical  form  e  The  frequency  of  the  damped  sinu¬ 

soidal  component  in  both  cases  is  the  resonance  frequency  of 
the  circuit.  Thus,  it  is  (perhaps)  not  surprising  that  it  is 
possible  tochoose  a  pedestal  v  oltage  amplitude  such  that 
the  decay  ing  sinusoid  it  produces  will  just  precisely  cancel 
the  transient  portion  of  the  response  to  the  gated  sinusoidal 
drive,  thereby  entirely  eliminating  the  turnon  transient.  In 
mathematical  terms,  a  gated  sinusoidal  drive  will  produce  a 
current  in  the  circuit  having  the  mathematical  form 
.4,1'  ■'  sin((.t,r)  .4,  sin((i),,/),  where  to.  is  the  reso¬ 

nant  angular  frequency  =  2~f,.  is  the  driving  angular 
frequency,  and  .4,  and.4,  are  amplitudes.  (This  form  of  the 
current  is  only  exactly  valid  when  o,,  is  exactly  equal  to  the 
undamped  resonant  angular  frequency  ^  l/\  LC  .)  ,A  ped¬ 
estal  voltage  drive  will  produce  a  current  in  the  circuit  hav¬ 
ing  the  mathematical  form  .4 o'  ■'  sin(f.),t).  We  have 
seen  that  matters  can  be  arranged  such  that  .4 ,  —  —  .4 ., ,  vo 
that  the  sum  of  the  two  responses  exactly  cancels  the  tran¬ 
sient-producing  exponential  terms.  The  driving  voltage 
waveform  of  Eq.  (7)  does  exactly  this. 

Perhaps  it  fv  surprising  that  \hesign  of  the  applied  pedes¬ 
tal  voltage  1,1,  turns  out  to  be  the  same  as  the  sign  of  the 
amplitude  of  the  driving  sine  wave  .4.  (The  sign  of  both  .4 
and  F.i,  are  determined  by  the  sign  of  Ij,.)  One  might  sup¬ 
pose  that  to  cancel  the  transient  effects  produced  by  an  ini¬ 
tially  positive-going  sine  wave  drive  one  would  require  the 
application  of  a  negative-going  pedestal.  However,  this  is  not 
so.  Since  the  transient  behavior  exhibited  by  the  response  of 
the  circuit  to  a  simple  gated  sinusoidal  drive  is  that  the  initial 
observed  amplitude  of  oscillation  is  heloiv  the  desired  steady- 
state  amplitude,  one  must  apply  an  even-greater  voltage 
transient  near  the  start  of  the  signal  in  order  to  compensate 
for  the  deficiency  in  amplitude.  In  the  case  of  an  LCR  circuit 
the  pedestal  voltage  L,^  having  the  same  sign  as  the  ampli¬ 
tude  -4  of  the  driving  sinusoid  gives  precisely  the  required 
increase  in  voltage  transient. 

II.  TRANSDUCER  EQUIVALENT  CIRCUIT 

.Although  the  LCR  vireuit  considered  m  See.  I  captures 
the  essence  of  a  damped  oscillating  system,  it  is  not  directly 
applicable  to  the  transient  suppression  problem  for  two  rea- 
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FI(j  2  Fqui\jlt*nf  cirLun  ('fa  spherical  iransdueer  dri'-en  b\  an  arhitrarv 
vvaseform  kieneralor  ARB--arbiirar>  vvaseform  general('r  that  produces 
st'liagc  waveform  t  wi.  R  -internal  resistance  of  voltage  source:  C,.— 
blocked  capacitance  ( includes  cable  capacitance);  /.  -  inductance ot  induc¬ 
tor  coniamed  in  LCR  branch,  i  e..  the  motu'iial  inductance;  C'— capacitance 
»'t  capacitor  in  t  CR  branch,  i  e..  the  motional  capacitance.  R  —  resisfanceot 
resistor  in  1  C'R  branch,  i  e  .  the  motional  resistance;  L  — inductancer'flhe 
iLciclJve  comp<'nenl  of  the  radiation  U'ad  ol  the  fluid  on  the  transducer;  R 
resistance  of  the  resistive  comptmeni  of  the  radiation  load  ('f  the  fluid  on 
the  transducer;  t  .  i  .  i.  i  ,  /  -currents 


smis.  First,  the  LCR  circuit  does  not  include  the  so-called 
"blocked  capacitance"  C,,  of  a  transducer,  and  second,  it 
does  not  account  for  the  radiation  loading  of  the  transducer. 
In  f'rder  to  address  these  issues,  we  consider  next  the  equiva¬ 
lent  circuit  of  Fig.  2.  (See,  for  example.  Fig.  3  of  Ref  7.) 

The  blocked  capacitance  C,,  of  Fig.  2  should  be  under¬ 
stood  to  include  the  additional  capacitance  of  the  cable  at¬ 
tached  to  the  transducer  The  two  other  additional  circuit 
elements,  denoted  here  by  L ,  and  R„ .  represent  the  effects 
of  radiation  loading  on  the  transducer  produced  by  projec¬ 
tion  of  sound  into  the  surrounding  fluid  medium.  It  is  shown 
in  Ref  7  that  these  circuit  elements  represent  exactly  the 
effects  of  fluid  loading  on  a  spherically  shaped  transducer. 

The  clement  R  is  taken  here  to  account  for  the  depar¬ 
ture  of  the  voltage  source  from  the  ideal.  That  is.  /?.  repre¬ 
sents  the  internal  resistance  of  the  voltage  source,  including 
the  .-VRU  and  any  amplifier  used  to  drive  the  transducer  of 
interest.  Of  course,  a  frequency-dependent  internal  imped¬ 
ance  Z  would  be  more  realistic.  However,  as  will  be  seen  in 
the  discussion  that  follows,  in  order  for  the  transient  sup¬ 
pression  method  to  be  successful,  the  internal  impedance  of 
the  voltage  source  must  necessarily  be  negligibly  small.  The 
internal  resistance  R,  is  included  simply  to  demonstrate  the 
consequences  of  failing  to  use  a  voltage  source  of  very  low 
internal  impedance.  Including  a  frequency-dependent  vol¬ 
tage  source  internal  impedance  would  not  materially  affect 
the  conclusions. 

A.  Transient-suppressing  drive 

Wc  now  proceed  to  derive  the  transient-suppressing 
drive  l'{  n  for  the  circuit  of  Fig.  2  in  a  manner  similar  to  that 
used  III  evaluating  the  LCR  circuit.  Unlike  the  analysis  of  the 
LCR  circuit,  vve  will  find  that  the  analysis  in  the  present  case 
results  III  an  approximate  solution.  We  will  therefore  go 
through  the  circuit  calculations  in  some  detail  so  that  the 
basis  of  the  transient-suppressing  drive  is  clear.  ( It  is  impor¬ 
tant  to  point  out  that  the  use  of  different  Kirchhoff  loops 


from  those  presented  can  result  in  a  drive  voltage  that  fails  to 
solve  the  transient-suppression  problem.)  Also,  we  choose 
to  require  the  voltage  across  the  fluid-load  resistor  /?„  to  be  a 
gated  sinusoid,  rather  than  to  require  this  condition  on  the 
resistor  R  as  was  done  in  analyzing  the  LCR  circuit.  This 
choice  is  ba.sed  on  the  assumption  that  the  pressure  wave¬ 
form  produced  in  the  surrounding  fluid  medium  will  be  a 
.scaled  replica  of  the  voltage  waveform  appearing  across  the 
resistor  R„ . 

W'e  require  the  voltage  U,  (r)  across  resistor  to  be 
0,  t  <  0. 

(0  =  K,  sin(«„0.  r>/>0,  (8) 

,0.  />'. 

Here,  r  again  represents  the  pulse  length  and  Li  denotes  an 
arbitrarily  selectable  voltage  amplitude. 

Since  inductor  L,,  is  wired  in  parallel  with  resistor  /?„ . 
we  have  the  condition  that 


L„  — ^  =  L|,  sin(w„;). 
di 

w'hich  can  be  integrated  to  give 

K 

i^=— - [  1  -  cos(w,,r)  ].  r.>r>0.  (10) 

Ill  producing  Eq.  ( 10)  from  Eq.  (9).  the  realistic  condition 
that  /j  =  0  at  r  =  0  has  been  imposed  Similarly,  conserva¬ 
tion  of  charge  gives 

/■  =  ij  -t-  .  (11) 


and,  combining  Ohm's  law  with  Eqs,  (8).  ( 10).  and  (11) 
produces 


t  =  - - fl  -cos(r6»„/)l  +  —  sin(w„0. 

R., 


We  may  next  apply  KirchhofT s  law  to  the  loop  starting 
at  the  inductor  L  and  proceeding  through  circuit  elements  in 
the  order  L^C-^R-^R,  thus  obtaining  the  equa¬ 

tion 


iR  +  L  — ^  i.R„  =2^.  (13) 

dt  C  "  c, 

where  q  is  the  charge  on  capacitor  C  and  is  the  charge  on 
capacitor  Q .  Equation  (13)  may  now'  be  differentiated  with 
respect  to  time,  and  Eq.  (12)  and  Ohm's  law  may  be  used  to 
eliminate /  and /,  yielding 


^  n  (  UiW,, 

I,.  =C,.R  sin(f.;„/)  — cos(w,,/)j 


^  1  n  . 

- COS((:)|,/) - sin(w,,/) 

i..  R. 


Q  (  y„  L„  ' 

—  -  [  1  --  cos(w,,r)  ]  -I - sin((, '/,,/) 

U  \L  R  j 


t(i^1 


cos(w,,/)  . 


Once  again,  conservation  of  charge  requires 


1=1  +  U- 
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Combining  Eqs.  (12),  (14),  and  (15)  produces 

i\  =  ,  [1  -cos(a>„/)]  H - -sinUo^t)  +  C^R  (— sit\Uo„t)  +  — cos(w„/)') 

LuM,,  R„  \L„  /?„  / 

/  E|,<y|,  \  C,,  /  K)  Ki  \ 

+  jf-C  — ; - cos(w„/) - - —  sin(W|,/)  4-  —  -  [  1  -  cos(w„r)  ]  + - sin(w„/) 

\  t  /?„  / 


+  F,|W„  cos(W||0. 


(16) 


Equation  (16)  gives  the  source  current  /,  when  the  trans¬ 
ducer  is  driven  in  the  transient-suppressed  mode. 

Finally,  we  write  a  Kirchhoff  loop  starting  at  the  ARB, 
and  proceeding  around  the  loop  defined  by  the  circuit  ele¬ 
ments  ARB— /?, —  ARBtogive 

K(t)  =  i  R^  +  L  —  +  —  +  iR  +  sin(w,iO, 


The  only  quantity  not  yet  defined  in  Eq,  ( 1 7 )  is  the  charge 
on  capacitor  C.  We  obtain  this  uy  performing  the  integral 


where  i  is  given  by  Eq.  (12)  and  it  is  assumed  that  ^  =  0  at 
/  =  0,  thus  producing 

^  n  t  ^  (1  . 

q  = - sin(w„/) 


-I - [  I  -  cos(w„/)  ].  r  0.  (16) 

Equation  (17)  constitutes  the  desired  transient-sup- 
pressing  drive  for  the  turnon  interval  r  .'/  .  O.  Note  that  Eqs. 
( 12),  ( 16),  and  (16)  define  the  quantities  /.  and  q.  respec¬ 
tively,  which  are  required  to  evaluate  Eq.  (17). 

Ir.  order  to  deduce  the  required  functional  form  of  F(/) 
for  the  interval  t  >  r,  i.e.,  the  turnoff  interval,  we  will  impose 
the  requirement  that  the  current  /,  in  the  inductor  re¬ 
main  constant  at  the  value  it  has  at  the  moment  t  ^  r  .  We 
choose  to  impose  this  condition  because  it  assures  zero  vol- 

_ I 


F(t) 


2F„  1  /  2r„ 

- +  —  - (/ 

T„W,I  C 


Here,  the  upper  expression  applies  in  the  case  of  an  even 
number  of  half-cycles  of  signal  output,  while  the  lower 
expression  applies  in  the  case  of  an  odd  number  of  half-cy¬ 
cles.  The  constant  quantity  q(  r  )  required  to  evaluate  Eq. 
(2.^)  is  itself  evaluated  using  Eq.  (  16). 


B.  Discussion 

While  the  analysis  of  Sec.  11  A  is  relatively  straightfor¬ 
ward.  it  IS  only  approximate.  This  is  so  because  the  approach 


I - 

tage  drop  across  both  the  inductor  and  the  resistor  /?„  for 
times  /  >  r. 

The  required  form  of  the  function  F(/)  after  time  t  =  t 
depends  upon  whether  an  even  or  an  odd  number  of  half¬ 
cycles  is  desired  to  appear  in  the  radiated  signal  during  the 
interval  r>t>0,  since  the  current  appearing  in  inductor  L„ 
at  time /=  r  depends  upon  this  as  well.  From  Eq.  ( 10),  we 
have  that 

if  T  corresponds  to  an 
even  number  of  half-cycles, 
if  T  corresponds  to  an 

odd  number  of  half-cycles. 

(20) 

It  follows  that  /,  =  0  for  t  >  r,  and  thus  conservation  of 
charge  gives  /  =  /,  for  /  >  r.  Writing  further  loop  equations, 
we  find  that/,,  =.  (C,,/C)/,  and  =  ( 1  -|-  Ci,/C}i\  for/>-. 
Thus.  writing  a  loop  equation  for  the  element  path 
ARB  — —  Z.  — C— /f  —  Z.„  —  ARB  produces  the  result 

r(0  =  (l  4  ^>r.  (21) 

We  obtain  an  expression  for  the  quantity  q{i)  required 
in  Eq.  (21)  by  integrating  the  current  which,  for 
Ht)  =  /,  —  constant  produces 

qin  =  /|/  +  AT.  t>  -  (22) 

where  K  is  a  constant  of  integration.  The  constant  K  can  be 
evaluated  in  terms  of  the  value  of  9!  r)  at  /  =  -  [  note  Eq. 

( 16) )  thus,  in  combination  with  Eq.  (21 ),  finally  yielding 


'0. 

2F.,/T„w„. 


.-)  +9(7 


(23) 


I - 

presented  there  has  not  succeeded  in  satisfying  all  initial  con¬ 
ditions  that  must  be  imposed  to  evaluate  the  response  of  the 
circuit  of  Fig.  2.  At  time  /  =  0.  these  conditions  are  (i) 
/,  =  0,  ( ii )  /  =  0.  ( iii )  9  =  0.  and  ( iv  )  9,,  =  0.  These  initial 
conditions  are  forced  by  the  assumptions  that  the  capacitors 
are  initially  uncharged,  there  are  initially  no  currents  in  the 
circuit,  and  the  fact  that  the  presence  of  resistors  in  the  cir¬ 
cuit  inhibits  instantaneous  changes  in  the  charges  and  cur¬ 
rents. 

Conditions  (i).  (ii).and  (iii)  are  readily  seen  tobesatis- 
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tied  by  examining  Eqs.  ( 10).  ( 12).  and  ( 1*^).  respectively. 
Howe\er.  no  provision  for  satisfying  condition  (i\ )  has  been 
made  in  the  foregoing  analysis.  Thus,  the  solution  for  the 
desired  transient  suppressing  drive,  given  by  Eq.  ( 17).  can 
only  be  approximate.  It  is  therefore  necessary  to  justify  the 
de-emphasis  of  condition  (iv)  with  respect  to  conditions 
( 1 )-( lii ).  and  to  investigate  how  well  Eq.  (17)  actually  does 
in  achieving  the  desired  transient  suppression.' 

We  justify  emphasising  condition  ( i )  on  the  basis  of  the 
fact  that  we  are  most  interested  in  the  observation  of  sound 
actually  produced  in  the  surrounding  fluid  medium.  If  the 
current ;  were  not  sero  at  time  r  =  0.  a  noncausal  radiation 
would  be  produced  by  the  model,  a  condition  that  is  clearly 
unsatisfactory. 

W  e  iiivtifv  emphaM/mg  conditions  ( it )  and  I  iii  >  on  the 
buMs  of  the  expectation  that  the  LCR  branch  of  the  circuit  of 
Fig  2  will  primarily  control  the  transients  produced  in  the 
circuit  Sitice  we  are  interested  in  tratisient  suppressioti.  it  is 
important  to  account  for  all  electrical  itifluences  occiirritig 
m  the  portion  of  the  circuit  that  is  expected  to  be  most  signifi¬ 
cant  in  producing  these  tratisients. 

We  justify  de-emphasizing  condition  (iv)  on  the  basis  of 
the  fact  that  if  the  voltage  source  internal  resistance  /?.  were 
zero,  condition  ( iv  )  would  not  even  be  a  requirement.  That 
IS.  a  capacitor  cun  be  charged  instantaneously  if  there  is  no 
resistor  in  series  with  it.  Thus,  if  a  voltage  source  of  very  low 
mternal  resistance  is  used  in  realizing  the  circuit  of  Fig.  2.  no 
great  difficulty  should  arise  in  de-emphasizing  condition 
t  IV  I.  In  connection  with  the  present  discussion,  a  "low"  iti- 
ternal  resistance  means  that  the  time  constant  R  should 
be  much  smaller  than  the  period  of  the  sinusoidal  wav  eform 
which  IS  desired  to  be  produced  across  resistor  /?  .  If  the 
frequency  of  this  desired  waveform  is  denoted  by/,,  the  con¬ 
dition  of  requiring  a  voltage  source  of  small  mternal  resis¬ 
tance  can  be  expressed  in  the  form 

R  1  /  C  (24) 

It  vhould  also  he  understood  that  in  addition  to  condi¬ 
tions  1 1 1-1 IV  1.  ftuir  more  conditions  are  required  at  ;  =  r, 
rtiese  coiuhiions  impose  the  requirement  that  the  charges 
and  currents  do  not  cluinge  instantaneously  m  response  to 
the  instantaneous  change  in  drive  voltage  that  occurs  at 


C.  Circuit  differential  equation  and  "derived"  initial 
conditions 

In  order  to  .iddress  the  problem  of  verifying  that  the 
approximate  driving  voltage  wavefv'rm  specified  by  Eqs. 

I  l~  I  ,md  I  2.'  1  is  ert'ective  in  actually  suppressing  the  tran¬ 
sient  response  I'f  the  circuit,  we  will  lunv  consider  what  must 
be  vtone  in  order  to  obtain  the  exact  solutu'n  of  the  difl'eren- 
ti.il  ev|u.ition  of  the  circuit  Fhis  exact  svilution  can  then  be 
uscvl  tv'  .issess  the  efl'ectiv eness  v'f  the  proposed  driving  vol¬ 
tage  w.iveform  by  directly  computing  the  voltage  that  would 
be  proviuced  aco'ss  resistor  R  if  the  driving  voltage  wave¬ 
forms  I'f  Eqs  I  I  )  .ind  I  2,' )  were  actually  applied  by  the 
ARIF  However,  the  difl'erenti.il  equation  m  the  present  case 
will  he  seen  to  be  sufficiently  ci'inplex  that  we  will  limit  v'ur- 
selves  to  vlisplay  mg  the  form  v'f  the  equatii'ti.  The  solution  of 


the  equation  subject  to  the  initial  conditions  described  above 
was  actually  carried  out  using  a  symbol  manipulation  com¬ 
puter  program,  and  the  rather  involved  symbolic  solution 
will  not  be  display  ed  here. 

By  apply  ing  appropriate  loop  equations,  it  can  be  shown 
that  the  current  /,  of  the  circuit  of  Fig.  2  obeys  the  differen¬ 
tial  equation 
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It  should  not  be  surprising  that  the  differential  equation  is  of 
fourth  order,  in  view  of  the  fact  that  there  are  four  initial 
conditions  to  be  satisfied.  Note  also  that  in  the  limit  as 
R  — 0.  Eq.  (25)  becomes  a  third-order  differential  equation. 
This  means  that  in  this  limit  only  three  initial  conditions 
must  be  satisfied.  This  helps  to  further  substantiate  the 
deemphasizing  of  condition  (iv )  in  deducing  the  transient¬ 
suppressing  drive. 

The  initial  conditions  (i)-(iv)  considered  above  are 
"lundamental"  conditions  in  the  sense  that  they  follow  from 
the  known  properties  of  electrical  circuit  elements  and  rea- 
siniable  assumptions  concerning  charges  and  currents  prior 
todriving  the  circuit.  Of  course,  before  these  conditions  can 
be  applied  to  the  problem  of  solving  Eq.  (25).  "derived" 
initial  conditions  must  ’'e  deduced.  These  deriv  ed  conditions 
must  express  the  initial  conditions  (i)-(iv ).  as  well  as  the 
additional  conditions  at  r  =  r.  in  terms  of  the  equation  v  ari¬ 
able  /, .  The  required  derivations  follow  from  straightfor¬ 
ward  applications  of  KirchhofT s  laws. 


III.  NUMERICAL  CALCULATIONS 

In  order  tv'  determine  the  effectiv  eness  of  the  transient¬ 
suppressingdriving  voltage  waveform  proposed  here,  the  ex¬ 
act  symbolic  solution  of  the  differential  equation  of  Eq.  ( 25 ). 
subject  to  suitably  expressed  forms  of  initial  conditions  ( i  )- 
(iv)  (plus  the  additional  conditions  at  /  —  r).  and  with  its 
righi-hand  side  evaluated  using  Eqs.  (  17)  and  (23).  vvas 
computed.  These  somewhat  formidable  calculations  were 
carried  through  with  the  aid  of  the  sy  mbolic  mathematics 
cv'mpuler  program  SNIP ' To  allow  rapid  numerical  evalu¬ 
ation  of  the  resulting  sy  mbolic  expressions,  the  SMP  facility 
for  generating  fortran  subroutines  from  symbolic  expres¬ 
sions  was  used. 

•As  an  example  calculation,  the  L'SRD  F5b  standard 
transducer"  vvas  cvmsidered.  This  particular  source  was  cho¬ 
sen  ft'r  study  since  it  is  spherical,  and  thus  its  behavior  is 
expected  to  be  well  described  by  the  equiv  alent  circuit  of  Fig. 
2  for  frequencies  up  to  its  lowest  resonance  frequency  .  This 
resonance  frequency  occurs  at  about  1 2  kHz.  This  trans¬ 
ducer  was  also  chosen  because  approximate  values  for  the 
electrical  elements  of  the  equivalent  circuit  are  known  '' 
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(The  value  used  here  for  the  blocked  capacitance  C*  also 
includes  the  transducer’s  cable  capacitance. )  Since  the  inter¬ 
nal  resistance  R,  of  the  voltage  source  is  selectable  indepen¬ 
dently  of  the  equivalent  circuit’s  other  electrical  element  val¬ 
ues,  we  will  investigate  the  circuit  response  for  a  few  differ¬ 
ent  values  of  this  parameter. 

In  Fig.  3  is  presented  a  graph  of  the  voltage  across  resis¬ 
tor  R,^  that  appears  in  response  to  an  ordinary  gated  sinusoi¬ 
dal  driving  voltage.  This  driving  sinusoidal  waveform  is 
characterized  by  a  frequency  of  12  kHz,  and  is  applied  for  a 
duration  of  three  cycles.  In  Fig.  3,  as  in  several  subsequent 
figures,  the  “time  window’’  used  corresponds  to  6  cycles  of 
the  driving  frequency  of  1 2  kHz.  Hence,  the  response  shown 
in  Fig.  3  represents  the  turnon  transient  for  all  3  cycles  for 
which  the  driving  voltage  waveform  is  applied  and  3  cycles 
of  the  turnoff  transient.  As  can  be  seen,  the  response  does  not 
quite  achieve  steady  state  by  the  third  cycle,  and  the  turnoff 
transient  has  not  yet  completely  died  away  by  the  end  of  the 
time  window  that  is  depicted.  It  should  be  noted  that  the 
reasonable  behavior  observed  in  Fig.  3  suggests  that  the 
equivalent  network,  its  assumed  element  values,  the  differ¬ 
ential  equation  and  initial  conditions  used  in  its  solution,  are 
all  quite  realistic. 

Next,  we  use  Eqs.  (17)  and  (23)  to  deduce  the  required 
transient-suppressing  drive  V(t)  for  this  particular  trans¬ 
ducer  model.  Since  the  desired  3-cycle  drive  contains  6  half¬ 
cycles  (an  even  number),  the  turnoff  portion  of  the  drive  is 
given  by  the  upper  expression  of  Eq.  (23).  The  resulting 
transient-suppressing  driving  waveform  that  must  be  ap¬ 
plied  to  the  circuit  by  the  ARB,  for  the  case  in  which  voltage 
source  internal  resistance  =  1  ohm,  is  depicted  in  Fig.  4. 
( In  Fig.  4,  as  well  as  in  several  subsequent  figures,  note  that 
the  zero  of  time  has  been  slightly  displaced  from  the  vertical 
axis,  in  order  to  more  clearly  exhibit  the  behavior  of  the 
depicted  function  for  times  near  /  =  0. )  The  resulting  vol¬ 
tage  waveform  appearing  across  the  resistor  R„.  is  depicted 
in  Fig.  5.  As  can  be  seen,  the  transient-suppressing  drive  has 
succeeded  in  eliminating  virtually  all  of  the  transient  behav¬ 
ior  that  is  evident  in  Fig.  3. 


OAT*  POtNTS  {Eocts  Point»0.2  rT*icr®f#eond») 

MCr  V  Voilagc  sMivctorm  appearing  acniss  ihc  fluid-load  rcsislor /? ,  iiuhc 
circuit  of  Fig  2  in  response  to  driving  voltage  waveform  consisting  of  3 
cvcies  efa  12-kH/  tone  hurst 
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FIG.  4.  Transient-suppressing  driving  voltage  waveform  that  must  he  pro¬ 
duced  by  the  ARB  in  order  to  create  a  3-cycle.  1 2-kHz  tone  burst  across  the 
fluid  load  resistor  R,,  in  the  circuit  of  Fig.  2:  /?,  =  1  ohm. 


We  investigate  the  result  of  increasing  the  voltage 
source  internal  resistance/?,  in  Fig.  6.  In  Fig.  6(a)  is  depict¬ 
ed  the  voltage  across  resistor  R^  when  the  voltage  source 
internal  resistance  R,  -  10  ohm,  and  Fig.  6(b)  depicts  the 
voltage  across  resistor  /?„  when  the  voltage  source  internal 
resistance  /?.  =  100  ohm.  [In  each  case,  the  transient-sup¬ 
pressing  driving  waveform  F(/)  has  been  re-computed  to 
properly  account  for  each  new  value  of  /?,  .  ]  The  increase  in 
transient  behavior  with  increasing  voltage  source  internal 
resistance  is  evident  by  comparing  Figs.  5,  6(a),  and  6(b). 
However,  even  the  case  for  which  R,  =  100  U  exhibits  sub¬ 
stantially  suppressed  transient  behavior  as  compared  to  the 
gated-sine  response  depicted  in  Fig.  3. 

The  results  presented  in  Figs.  5  and  6  can  also  be  used  to 
“tighten"  the  restriction  represented  by  the  expression  of 
( 24),  assuming  that  the  response  of  other  transducers  will  be 
similar  to  that  seen  in  these  figures.  If  the  behavior  seen  in 
Fig.  6(a)  is  deemed  to  be  an  acceptable  transient  suppres¬ 
sion,  but  that  of  Fig.  6(b)  is  not,  we  can  modify  (24)  to  be 
instead 


DATA  POINTS  (Eoch  Point-  0.2  micro»*con<Ji) 

FIG.  5  Voltage  waveform  appearing  across  resistor  R,  in  response  to  the 
transient-suppressing  drive  depicted  in  Fig  4:  R  I  ohm 
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j:.R  C]  .  lO  Cfy) 

I  he  cxpressii'ii  of  (  2f))  has  hccii  protliiecd  h\  rounding  to 
tile  nearest  order  of  magnitude  the  \alue  iif  tlie  produel 
A, /?  C],  iiseil  to  generate  !'ig.  6(a).  Note  that  expression 
(  26 )  e;in  he  used  to  help  seleel  an  appropriate  power  ampldi- 
er  to  ilrne  a  given  Ininsdueer  ot'kiiowii  hloeked  eapaeiliinee 
in  the  transient-suppressed  mode.  Tliat  is.  (  26 )  is  an  em- 
pirie.il  relation  that  sets  an  upper  bound  on  R  . 

It  Is  also  interesting  to  e\;imine  the  vtirious  eurrents  in 
the  eireuil  when  the  eireuit  is  tiriven  in  the  transient-sup¬ 
pressed  nu'tle  In  t  ig.  7(a)  -(d)  aretlepieled  theeurrents/  . 

/.  and  I, .  respeetively.  for  the  ease  of/?  1-ohm  source 
resistance.  |  T  he  large  cm  rent  spikes  seen  at  the  hegmning 
anti  entling  of  F  ig.  7(a)  tind  (b)  represent  rapid  charging 
tiiul  tlischargmg,  respectively,  ot'the  blocked  capacitor  C,.  | 
In  view  ot'the  tliirering  I'unctional  forms  assumed  by  the 
turnolf  portion  of  the  transient-suppressing  tlrive  I  'tn  for 
the  even-half-cvcie  tiiui  otld-luilf-cycle  cases,  it  is  tilso  inter¬ 
esting  to  mvestigiite  one  case  in  which  the  traiisdueer  motlel 
IS  driven  ti'  proiluce  an  odd  number  of  half  cycles  across  the 
resistor  /?  .  In  F  ig  K  the  resulting  voltage  across  resistor  R 


is  sFiown  for  the  case  in  which  it  is  desired  to  produce  5  half¬ 
cycles  of  a  12-kHz  signal  across  /?„.(/?.  =  !  ohm  here. ) 

Before  leaving  the  :>ubject  of  the  time-domain  response 
of  the  circuit  of  Fig.  2,  it  is  worthwhile  to  point  out  that  the 
circuit  responds  to  the  transient-suppressing  drive  at  fre¬ 
quencies  away  from  resonance  in  a  manner  similar  to  that 
described  here  for  resonance.  Of  course,  in  actual  practice  it 
is  not  expected  that  the  responses  for  frequencies  above  reso¬ 
nance  will  be  as  good  as  those  predicted  by  the  theory,  since 
for  such  frequencies  the  equivalent  circuit  is  generally  inap¬ 
plicable  (due  to  the  influences  of  higher-mode  resonances). 


IV.  THE  TRANSIENT-SUPPRESSING  DRIVE  AND  ITS 
PROPERTIES 

Here,  we  put  the  turnon  portion  of  the  transient-sup¬ 
pressing  drive  of  Eq.  (17)  into  a  slightly  different  form,  so 
that  its  mathematical  structure  is  more  transparent.  In  par¬ 
ticular,  it  is  convenient  to  rewrite  Eq.  (17)  in  the  form 

F'(/)  =  .4  sin(<u„/  +  d)  +  M,  „„p/  +  lyi.  •  r  -t  .  0. 

(27) 


,1  =  (a-’  +  b')' 

-RK,  _  _  F„ 

CL„  0),^  CP 

C,LR,y„<o„  LVu<o,, 

H - 1 - 

L..  R,. 

Ci,RR, 


Z.F„  C„RR^y„  RK, 

I’  =  •'c,  +  -  + - h - +  - 

L,.  K  R„  R. 

Ci,Rj'o  y„  c,.lrj’„(:k, 

CR.,  CL„(,J-  R.. 


RK,  RJ„  C„R^K.  y„ 

- j - 1 - j - 


+  C/,R, 


d  ~  tan  '(a/b). 


In  the  form  of  Eq.  (27).  it  is  clear  that  the  transient-sup¬ 
pressing  drive  for  the  turnon  interval  r  t  ()  consists  of  a 
sum  of  a  ramp  voltage,  a  pedestal  v  oltage,  and  a  sinusoidal 
voltage  which  is  phase  shifted  by  an  amount  d  with  respect  to 
the  sinusoidal  voltage  that  appears  across  the  resistor  A?,, . 

We  ne.xt  examine  how  each  of  the  transient-suppressing 
paramele''s  that  determine  the  shape  of  the  driving  wave¬ 
form  of  Evq.  ( 27)  vary  with  respect  to  frequency  .  In  particu¬ 
lar.  we  examine  how  the  parameters  4.  F ,,,  .  .V/,  ,,,,,..  and  d 
vary  as  the  frequency  of  the  signal  that  is  desired  to  be  r;idiat- 
ed  into  the  fluid  that  surrounds  the  transducer  is  changed. 
F'or  the  purpose  of  these  calculations,  we  again  u:.s  the  trans¬ 
ducer  parameters  from  Ref  10. 
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f  Ui.  7  Vurimis  curreiUs  in  ihc  i.iri.uil  of  Fij;.  1  whon  tht-  ARH  produces  ihe  appropriate  transient-suppressing  dnsing  '.vaveform  required  to  produce  a  3 
cvcie.  1 2-kH/  lone  hurst  for  internal  resistance  R  1  ohm :( a )  i  ;  I  b)  /„;  (c )  ; ;  ( d )  /, . 


<  5 


DATA  PO'N'S  (Eas.n  Poiot«0  2  fT^'croMconds) 

f  1(  i  S  Voltage  V.  jvcfbrni  appearing  across  resistor  R  in  :hc  circiili  M  Mg. 
’  in  respi  ...c  to  the  transient-suppressing  drive  required  to  produce  a 
cvele.  ]  2-kH/ hie.idv -state  tone  hurst  t\'r  K  1  ohm 


nJEOUENCY  (Mr) 

I  IGbi  V  anation  of  the  ratii^  (M  the  amplitude  of  the  sinusoidal  cimiponent 
to  the  pedestal  voltage  component  of  the  transient -suppressing  drive  i  /  f  , 
as  a  function  of  the  frequenev  of  the  time  burst  desired  \o  appear  across 
resistor  R  .  Hi'n/onial  axis  begins  at  KXX)  H/ 
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'■“EOUENCY  (Hz) 

MCi  H)  Rchiinc  phase  d  helvseen  sinust^idai  ct^mptMieni  of  ihe  iransjenJ* 
suppressing  dns  lug  \  oil  age  wa^elorni  and  radialed  wavelorni  as  a  I'unciion 
of  frequeiies  I  lori/otilal  axis  begins  at  MXX)  M/. 


Ill  Fig.  '■)  the  variation  in  the  ratio,!  /I',,  with  respect  to 
Frequency  is  depicted.  As  can  he  seen,  this  ratio  is  less  than  1 
in  the  vicinity  of  the  (appro.xiniately )  12  kHz  resonance  fre¬ 
quency  of  the  F56  transducer,  but  is  greater  than  1  for  fre¬ 
quencies  that  are  either  significantly  greater,  or  signilicantly 
less,  than  the  resonance  frequency.  This  means  that  the  ped¬ 
estal  voltage  i'l.  must  be  greater  than  the  amplitude  of  the 
sinusoidal  amplitude  ,(  near  resonance,  but  is  less  than  the 
sinusoidal  amplitude  for  frequencies  far  from  resonance. 

The  phase  angle  (^  betw  een  the  sinusoidal  portion  of  the 
transient-suppressing  waveform  and  the  waveform  appear¬ 
ing  across  resistor  /?,,  (i.e.,  the  waveform  radiated  into  the 
surrounding  fluid  mtxliutn)  is  plotted  as  a  function  of  fre¬ 
quency  in  Fig,  10.  It  isclearfrom  Fig.  lOthat  the phaseangle 
(f)  is  close  to  zero  for  frequencies  near  resonance.  However, 
the  phase  angle  S  is  less  than  zero  for  fretjuencies  below  reso¬ 
nance  and  is  greater  th;m  zero  for  frequencies  above  reso¬ 
nance.  ( 'Fins  behav  ior  is  qualitatively  similar  to  the  behavior 
of  the  phase  angle  in  the  case  of  the  LCR  circuit  that  was 
described  in  .Sec.  I  )  Analytically  evaluating  Eq.  ( in  the 
limit  as  frequency  approaches  zero  shows  that  (fi  approaches 
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—  ISOdeg  in  this  limit.  Similarly,  evaluating  Eq.  (3.1)  in  the 
limit  as  frequency  approaches  infinity  shows  that  d)  ap¬ 
proaches  -f  180  deg  in  this  limit.  (In  the  case  of  the  LCR 
circuit,  6  varies  from  —  90  deg  to  q-  90  deg  as  frequency 
varies  from  zero  to  infinity . "  )  These  limiting  values  are  con¬ 
sistent  with  the  behavior  of  the  function  6  that  is  apparent  in 
Fig.  10.  (This  surprising  behavior  of  the  chase  angle  d),  viz., 
that  the  sinusoidal  component  of  the  driving  waveform  ap¬ 
proaches  the  condition  of  being  180  deg  out  of  phase  with 
respect  to  the  radiated  waveform,  will  be  considered  further 
in  connection  with  the  discussion  of  Fig.  12. ) 

In  Fig.  1 1  the  variation  in  the  slope  of  the  ramp  voltage 
A/,,,1, p  with  respect  to  frequency  is  depicted.  This  function 
varies  hyperbolically  with  frequency,  as  is  evident  from  the 
reciprocal  dependence  of  the  quantity  ^3/,.,„,|,  upon  angular 
frequency  co„  seen  in  Eq.  (31 ). 

It  is  clear  from  the  rather  large  values  of  .V/,  ,,,,,,  seen  in 
Fig.  1 1  that  the  total  duration  -  of  a  tran»ient-suppressed 
waveform  must  be  significantly  restricted.  For  example,  as 
suming  a  maximum  allowable  peak  transmitting  voltage  of 
1(X)0  V,  the  maximum  value  of  r  at  12  kHz.  is  0.0173  s.  This 
corresponds  to  about  200  cycles  of  1 2-kHz  sound.  While  200 
cycles  may  not  seem  to  be  a  great  pulse-length  restriction, 
this  calculation  a.ssumes  only  a  1  V  drop  across  the  resistor 
/(„ .  This  is  only  0.1 97  of  the  maximum  amplitude  of  the 
driving  waveform  of  1000  V  under  consideration  here.  If  it  is 
desired  to  produce  a  10-V  drop  across  resistor  R„ .  which  is 
still  only  1 97  of  the  total  drive  voltage  amplitude,  the  maxi¬ 
mum  pulse  length  is  reduced  to  only  about  20  cycles.  Since  a 
very  low  voltage  source  internal  resistance  is  required  for  the 
transient-suppression  method  to  work,  as  described  in  Sec. 
11,  the  KKXl-V  maximum  source  amplitude  discussed  here 
might  be  difficult  to  achieve  in  practice.  For  a  maximum 
voltage  source  amplitude  of  100  V.  and  a  desired  voltage 
drop  of  10  V  across  resistor  /?„ .  the  maximum  achieveable 
pulse  length  would,  of  course,  reduce  to  just  2  cycles.  ( As  is 
described  in  a  companion  publication.'-'  actual  experiments 
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have  shown  that  achieving  pulse  lengths  of  up  to  several 
cycles  is  quite  realizable  in  practice.) 

Finally,  in  Fig.  12  the  time-domain  representation  of 
each  of  the  three  separate  components  of  the  transient-sup¬ 
pressing  drive  is  shown  together  with  the  total  transient¬ 
suppressing  dri\  e.  i.e..  the  sum  of  the  three  components.  In 
producing  Fig.  12,  the  driving  frequency  was  taken  to  be  1 
kHz,  and  a  1-cycle  portion  of  the  drive  is  shown.  Also,  the 
sinusoid  appearing  across  resistor  is  taken  to  be  initially 
positive  going.  We  e.vamine  this  case  because  of  the  surpris 
ing  result,  mentioned  above,  concerning  the  zero-frequency, 
and  inlinite  frequency,  limiting  behaviors  of  the  transient¬ 
suppressing  drive.  In  particular,  it  is  certainly  surprising 
that  a  18()-deg  phase  shift,  relative  to  the  signal  that  is  de¬ 
sired  in  the  fluid,  is  required  in  the  sinusoidal  component  of 
the  transient-suppressing  dri\e.  What  this  means,  of  course, 
is  that  far  from  resonance,  if  an  initially  positive-going  sinu¬ 
soid  is  desired  t,.  appear  across  resistor  /?,  then  an  initially 
negative-going  sinusoidal  component  of  the  transient-sup¬ 
pressing  drise  is  required! 

As  can  be  seen  by  e.xamining  Fig.  12.  the  overall  tran¬ 
sient-suppressing  drive  (curved  solid  line)  actually  departs 
smoothly  from  zero  in  this  case,  and  in  the  positive-going 
direction,  despite  the  fact  that  the  sinusoidal  component 
(double-dot  dash  line)  is  indeed  initially  negative  going.  It  is 
clear  from  Fig.  12  that  this  smooth  posiine-going  behavior 
of  the  transient-suppressing  ilrive  is  achieved  by  the  influ¬ 
ence  of  the  positive-going  ramp  voltage;  i.e..  the  positive  con¬ 
tribution  of  the  ramp  voltage  (dashed  line)  clearlv  compen¬ 
sates  the  negative  contribution  of  the  negative-going  sine. 
I  he  pedestal  voltage  contribution  (dot-dash  line)  essential¬ 
ly  cancels  the  nonzero  value  of  the  negative-going  sine  at 
times  near/  0.  ( The  negative-going  sine  is  nonzero  at  lime 
/  ■  0  because,  at  a  frequency  of  1  kHz,  the  required  phase 
angle  is  approximately  I  b2.?  deg,  not  -  1 8(1  deg  as  it  is 
for  the  limiting  zero-frequency  drive. ) 

V.  SUMMARY,  CONCLUSIONS,  AND  DISCUSSION  OF 
FUTURE  WORK 

It  has  been  demonstrated  that  it  is  possible  to  apply  a 
suitably  shaped  driving  voltage  waveform  to  a  spherical 
transducer  equivalent  circuit  and  produce  a  good  approxi¬ 
mation  of  a  steady-state  tone  hurst  voltage  waveform  across 
the  portion  of  the  circuit  that  represents  radiation  loading. 
The  suitably  shaped  tiriv  ing-vnltagc  waveform,  here  termed 
the  transienl-suppressing  drive,  consists  of  a  sum  of  a  pedes¬ 
tal  voltage,  a  ramp  voltage,  and  a  sinusoidal  voltage  which  is 
phase  slnftevl  with  respect  to  the  sinusoid  appearing  across 
the  radiation-loail  circuit  elements.  One  disadv  antage  of  the 
transient-suppressing  drive  is  that  it  exhibits  very  low  effi¬ 
ciency.  from  the  point  of  view  of  the  percentage  of  the  total 
applied  voltage  available  to  produce  sound  radiation,  fhis 
percentage  is  typically  less  than  lO^'r .  and  can  be  less  than 
\''r-  While  the  low  railiation  efficiency  obtained  using  the 


transient-suppressing  drive  is  unfortunate,  it  does  not  pre¬ 
clude  the  utility  of  the  method,  as  demonstrated  in  the  ex¬ 
periments  described  in  a  companion  article.'’ 

Although  the  case  of  a  spherical  transducer  was  of  par¬ 
ticular  interest  here,  the  method  presented  i  ■  also  applicable, 
at  least  in  an  approximate  way,  to  more  complicated  trans¬ 
ducers,  For  example,  the  successful  application  of  the  meth¬ 
od  to  a  transducer  array  is  described  in  Ref  12. 

Future  work  will  consider  extensions  of  the  method  to 
other  transducer  types.  These  include  flexural  disks,  mov  ing 
coils,  tonpilzs.  and  various  arrays  of  transducer  elements. 
Two  approaches  will  be  considered.  The  first,  w  hich  is  large¬ 
ly  empirical,  will  involve  attempting  to  apply  the  spherical 
transducer  equiv  alent  circuit  of  Fig.  2  to  nonspherical  trans¬ 
ducer  types.  The  second  approach  will  involve  using  equiva¬ 
lent  circuits  that  are  more  suitable  to  the  transducer  types  of 
interest.  However,  the  calculation  of  the  transient-suppress¬ 
ing  drive  vvill  follow  the  same  methods  of  analy  sis  presented 
here. 

It  is  expected  that  the  present  method  will  have  an  im¬ 
mediate  application  to  the  . second  of  the  two  areas  of  interest 
described  in  the  Introduction,  namely,  scattering  or  reflec¬ 
tion  measurements  conducted  in  a  confined  region.  Applica¬ 
tion  to  the  first  area  described,  i.e..  transducer  calibration  in 
a  confined  region,  is  currently  restricted  to  calibration  of 
spherical  sources  only.  Whether  application  to  sources  of 
other  type  is  feasible  must  await  the  results  of  the  further 
research  discussed  here. 
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